Using two-dimensional gel electrophoresis, we analyzed the pattern of proteins synthesized during Blastocladiella emersonii zoospore germination in an inorganic solution, in both the presence and absence of actinomycin D. During the transition from zoospore to round cells (the first 25 min), essentially no qualitative differences were noticeable, indicating that the earliest stages of germination are entirely preprogrammed with stored RNA. Later in germination (after 25 min), however, changes in the pattern of protein synthesis were found. Some of these proteins (a total of 6 polypeptides) correspond possibly to a selective translation of stored messages, whereas the majority of the changed proteins (22 polypeptides) corresponds to newly synthesized mRNA. Thus, multiple levels of protein synthesis regulation seem to occur during zoospore germination, involving both transcriptional and translational controls. We also analyzed the pattern of protein synthesis during germination in a nutrient medium; synthesis of specific polypeptides occurred during late germination. During early germination posttranslational control was also observed, several labeled proteins from zoospores being specifically degraded or charge modified.
A fundamental question in developmental biology is the nature of the mechanisms that control the activation and expression of genes that are necessary for the orderly progression of development. Blastocladiella emersonii is a versatile organism well suited for the study of gene regulation during development. Two distinct phases of cell differentiation, germination and sporulation, occur during the life cycle of this fungus. In an attempt to isolate and characterize developmentally regulated genes, we initiated a study of the control of protein synthesis during sporulation and germination in B. emersonii. We have found that dramatic changes occur in the spectrum of proteins synthesized during sporulation and that the control is mainly at the transcriptional level (27) . A similar analysis was undertaken during the germination process and is reported in this paper.
Zoospores of B. emersonii germinate rapidly and synchronously upon exposure to nutrient medium or an inorganic salt solution containing certain monovalent ions (32) , cyclic AMP (8) , or other inducers (10) . The motile zoospores encyst by retraction of the flagellum and formation of a thin cell wall within 10 to 15 min after inoculation. Then, these round cells convert into germlings, with the formation of a visible germ tube that elongates and begins to branch at approximately 60 min (21) . Zoospore germination results in a large stimulation of protein synthesis. The zoospore contains all the components required for protein synthesis during germination, including ribosomes, tRNA, protein synthetic enzymes, and mRNA (9, 11) . Experiments performed with actinomycin D suggest that the increase in the rate of protein synthesis during early germination is directed almost exclusively by stored mRNA sequences (19, 28, 33) . However, the molecular mechanism which leads to this increase in protein synthesis is not known. An important question is whether all the stored mRNAs are recruited with equal efficiency or whether there is selective mobilization of a specific subset of mRNA sequences. Evidence is available that B. emersonii zoospores have some mRNA which has completed initiation but is blocked at one or more of the * Corresponding author. elongation steps (13) . A number of fungi are dormant with regard to protein synthesis at the spore stage, and the block is at the level of translation since mRNA is present in these spores (7, 20, 29) . However, it is unknown whether the block is at the initiation or elongation step or both of protein synthesis. The activation of protein synthesis by using stored mRNA in fungi presents an interesting parallel with animal embryonic systems (6) .
Another interesting aspect of B. emersonii germination is that very early events are not dependent on concomitant protein synthesis (31) . These events involve radical cell architecture rearrangement, including synthesis of a chitinous cell watl and retraction of the flagellum. Therefore, posttranslational and translational controls should be taking place during Blastocladiella germination.
To investigate the regulation of protein synthesis during germination, we administered consecutive 10-min pulses of [35S]methionine during germination in the presence or absence of actinomycin D. The proteins synthesized were analyzed by two-dimensional isoelectric focusing (IEF) and nonequilibrium pH gradient electrophoresis (NEPHGE). Patterns of in vitro translation products encoded by RNA from different stages of germination were also compared. In addition, to verify posttranslational modification of proteins during the very early stages of germination, we followed the decay of labeled proteins from zoospores with twodimensional gels.
MATERIALS AND METHODS
Culture and labeling conditions. Cultures of B. emersonji were maintained on plates containing 0.13% peptone, 0.13% yeast extract, 0.3% glucose, and 1% agar. Zoospores (3 x 105/ml) were inoculated into DM3 medium (3) Fig. 1 . In inorganic solution a rapid increase in the incorporation was followed by a plateau (Fig. 1A) ; in AL medium the overall rate of synthesis increased exponentially throughout the first hour of germination, although the total percentage of incorporation was low owing to nonradioactive methionine present in this medium (Fig. 1B) . In the presence of 5 ,ug of actinomycin D per ml the kinetics and synchrony of germination were similar to those of the control, at least up to 50 min. After that germ tube elongation seemed to be inhibited. The early increase in protein synthesis was not affected by this inhibitor; however, after 25 min a significant decrease in methionine incorporation in actinomycin-treated cells was observed.
Gel electrophoresis. Proteins prepared as described above were dissolved in 9.5 M urea-2% Nonidet P-40-10 mM dithiothreitol-2% ampholytes. Two methods of twodimensional gel electrophoresis were used: IEF and NEPHGE (24, 25) . In IEF, the ampholyte combination (3.5 to 10 and 5 to 8 in a ratio of 1:4, respectively) provided a pH range of 5 to 8. In the NEPHGE system, pH 3.5 to 10 ampholytes were used. The second dimension in both methods was performed on sodium dodecyl sulfate (SDS)-10% polyacrylamide gels. First-dimensional gels were equilibrated for 1 h, loaded directly on top of the stacking gel, and sealed in place with the stacking gel. A small piece of a first-dimensional-type gel containing molecular weight markers was run on the acidic side. After electrophoresis, gels were stained with Coomassie blue, destained, fluorographed with Amplify (Amersham Corp., Arlington Heights, Ill.), and exposed to Kodak X-ray film as described previously (18) . Exposure times were inversely proportional to the total counts per minute of 35S in protein applied to each gel as judged by counts in material precipitable with trichloroacetic acid (27) .
RNA preparation and in vitro translation. RNA was isolated by the procedure of Chirgwin et al. (4) , involving sonication of the cells in the presence of guanidium isothiocyanate and further cesium chloride centrifugation as described by Maniatis et al. (23) . The RNA was examined by ethidium bromide fluorescence after electrophoresis through 1.5% agarose gels containing formaldehyde. In vitro translation was as previously described (27) . RESULTS Protein synthesis during germination. Cells were labeled with [35S]methionine for 10-min pulses during germination in inorganic solution in the presence or absence of actinomycin D. Total proteins were isolated and resolved by using two systems of two-dimensional electrophoresis: IEF-SDSpolyacrylamide electrophoresis, which resolves only acidic proteins, and NEPHGE, which resolves basic as well as acidic proteins (24, 25) . Of approximately 400 polypeptides resolved by the IEF-SDS system, synthesis of about 150 was analyzed, and a total of approximately 20 basic polypeptides were unequivocally identified at the basic end of NEPHGE-SDS fluorograms. Figure 2 shows a comparison of proteins synthesized in early germination. During the first pulse (5 to 15 min), no incorporation of [35S]methionine was detected by quantification (Fig. 1) ; however, a prolonged exposure of the fluorogram allowed the detection of protein synthesis in this initial pulse ( Fig. 2A) Comparison of the patterns after 25 min showed a significant change in the relative rate of synthesis of several proteins. At least 28 new polypeptides appeared between 25 and 55 min, most of them being inhibited by actinomycin D (Fig. 3 and 4) . These proteins whose appearance involves newly synthesized mRNA are designated with an N (for new mRNA). However, some new proteins whose synthesis is independent of transcription of new messages were also detected; for example, Fig. 3 shows five new polypeptides (S44, S45, S47, S50, S51) in the 25-to 35-min pulse and one (S58) in the 35-to 45-min pulse which are synthesized in the presence and absence of actinomycin D (designated as S, for stored mRNA). This fact suggests selective translation of stored mRNA during the germination process.
In parallel to the increased synthesis of several proteins after 25 min of germination, a decreased synthesis of several early polypeptides was also observed (polypeptides 3 to 7, 11, 20 to 22, 27, 30, 33 to 35, 38, 39) ( Fig. 3 and 4) . In several cases the decrement in synthesis was delayed in the presence of actinomycin D (e.g., polypeptides 5, 20, 21, 33 to 35). Moreover, in the presence of actinomycin D a vigorous increase in the rate of synthesis of some proteins was observed when compared with the control after 35 min of germination ( Fig. 3D and F) , indicating that the half-life of specific mRNAs is affected by the inhibition of transcription.
To distinguish polypeptides specifically related to the germination process, we investigated whether the pattern of protein synthesis during germination in a nutrient medium was different. Zoospores germinating in AL medium were also pulse-labeled with [35S]methionine for 10 min, and the patterns are shown in Fig. 5 . Most polypeptides previously identified in the spectrum of proteins synthesized during early germination in inorganic solution were also detected here. Most of the polypeptides classified as N, whose synthesis depends on newly synthesized mRNA, and others classified as S were also identified in AL medium. Some of these proteins had a maximum of synthesis several minutes earlier (frequently a pulse earlier), indicating that the time course of protein synthesis during germination in AL medium is more rapid than under inorganic conditions. Furthermore, a significant number of new polypeptides (about 20) were synthesized exclusively in AL medium. These proteins are designated with a G (for growth). Several of these growth proteins are in fact found during the analysis of the synthesis of vegetatively growing cells (data not shown).
Total RNAs isolated from cells at different stages and conditions of germination were translated in a reticulocyte cell-free protein-synthesizing system, and the translation products encoded by these RNAs were also separated by two-dimensional gel electrophoresis. Although the efficiency of the in vitro translation system was low with total RNA, we could confirm all the main conclusions taken from the actinomycin experiments. All the products encoded by RNA isolated from cells at 20 min of germination were similar to those encoded by RNA extracted from zoospores; among the translation products encoded by messages from 45-min germinating cells in inorganic solution we could identify several corresponding to newly synthesized mRNAs (Fig.  6) . By 45 min of germination several polypeptides corresponding to mRNAs stored in the zoospores had disappeared.
Posttranslational modification during early zoospore germi- nation. Labeled zoospores obtained after synchronous sporulation in the presence of [35S]methionine were washed free of exogenous isotope and germinated in an inorganic germination solution containing an excess of nonradioactive methionine (0.2 mM). Samples were collected every 6 min, and labeled proteins were quantified by trichloroacetic acid precipitation and resolved by two-dimensional gel electrophoresis (IEF and NEPHGE). Figures 7 and 8 , respectively, show the electrophoretic profiles obtained at these different times. Comparing the profile of zoospores (Fig. 7A and 8A) , which represents the spectrum of proteins synthesized during sporulation and conserved into the zoospores, with the profiles shown in Fig. 2 to 4 , we can conclude that the population of proteins accumulated during sporulation and present in the zoospore differs significantly from those proteins synthesized during zoospore germination. Zoospore proteins, which were synthesized during sporulation, were relatively stable during very early germination. However, some proteins were processed or degraded during the first minutes and others later in germination. Among the last ones, there was a group of basic proteins with a molecular weight in the range of 40,000 to 55,000, detected in the NEPHGE-SDS system, which disappeared after 18 min. These proteins were synthesized during zoospore differentiation, which occurs at the end of sporulation (27) . Modification in the isoelectric point of several proteins was also detected. Some polypeptides became more basic (b, c, (9, 28) . The comparatively small effect of actinomycin D on protein synthesis (19, 28, 33) (Fig. 1) and polyribosome formation (19, 28) In parallel to the increase in protein synthesis during early germination we found degradation of some polypeptides which had been synthesized during sporulation and were still present in the zoospores. Besides a specific degradation of some polypeptides, others undergo change in their charge, suggesting that modifications such as proteolysis, phosphorylation, or glycosylation play an important role in the first minutes of germination, during encystment (transition of zoospore to round cell), which involves radical morphological rearrangements and occcurs even in the presence of cycloheximide. Studies in progress with 32P labeling can confirm this hypothesis.
We are using B. emersonii as a model to study the developmental regulation of protein and mRNA synthesis. Dramatic changes in the synthesis of these macromolecules occur during sporulation (27) . During early zoospore germination, protein synthesis occurs with stored mRNA transcribed from genes which were probably activated during sporulation (most of them during the last stages of sporulation) (14). Late in germination, the majority of the changes in the pattern of protein synthesis can be attributed to newly synthesized mRNA. Therefore, we are now able to look for developmentally regulated genes on the basis of their differential expression during the life cycle of B. emersonii. Similar approaches have been used to isolate conidiationspecific genes of Aspergillus nidulans (35) and Neurospora crassa (2) and developmentally regulated genes of Dictyostelium discoideum involved in spore germination (16) or cell aggregation (5) .
